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Abstract 
In view of the rapid growth in global energy demand and depletion of conventional sources of energy, developing 
efficient and inexpensive energy storage is as important a field of research as developing new source of energy. 
Latent Heat Storage Unit (LHSU) employing Phase Change Materials (PCMs) is one of the most effective ways for 
thermal energy storage. The melting/freezing time of the encapsulated PCM is one of the essential parameters for 
determining the size and the shape of the container. However, due to non linear nature of temperature distribution of 
PCM and moving solid liquid interface, a generalized approximate solution of melting time of PCM is not possible. 
In the present research work an attempt is made to propose a correlation for total melting time required for the PCM 
packed in shell and tube type LHSU. Several trials on shell and tube type LHSU with different PCMs I.e. paraffin 
wax and stearic acid are carried out at different mass flow rates and fluid inlet temperature considering solar water 
heater application. From the experimental data, a correlation for melting time of PCM based on Reynolds number, 
Stefan number and temperature constant is proposed. This can be useful for determining the shape and size of LHSU. 
 
© 2015 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
Keywords: Latent Heat Storage Unit; Phase Change Material; Melting time; Paraffin Wax; Stearic acid 
Introduction 
India has 17% of world population and is the fifth largest energy consumer. Also, India is located in 
tropical region where most part of the country have about 250-300 sunny days. For a developing country 
like India, the usage of solar energy is essential to meet the energy demand. India in the next decade will 
witness significant surge of utilization of solar energy in various applications using flat or parabolic or 
concentrating collectors. Various small scale textiles, chemical, sugar and other processing industries 
require continuous supply of constant temperature hot water in the range of 70-900C. Solar flat/parabolic 
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collectors can be used to meet the requirement of hot water for these applications during sunshine hours. 
However for meeting the requirement during other than sunshine period of the day, a thermal storage unit 
needs to be developed. Latent Heat Storage Unit (LHSU) is an attractive storage technique for such 
applications because of its high-energy storage density and capacity to store latent heat of fusion at the 
constant temperature of the Phase Change Materials (PCM) [1-3].  
 
Nomenclature 
Cp Specific heat of constant pressure, J/kg K  
k  Thermal conductivity, W/m K  
L Latent heat of fusion, kJ/kg 
Re Reynolds number 
Ste Stefan  number 
T Temperature, 0C 
t* Non-dimensional time 
Tf,in Fluid inlet temperature, 0C 
Tm Melting temperature, 0C 
α Thermal diffusivity, m2/s 
Meting and solidification time are significant for designing an LHSU for solar application. This is 
because the availability of solar radiation decides the geometry and operating conditions of these LHSU. 
Thus it is important to develop simplified correlations for these parameters. However, analytical 
prediction of the behavior of a phase change system is complex due to the non-linear nature of the moving 
interface [4-6]. During the phase change, this solid–liquid interface moves away from the heat transfer 
surface. The location of this moving boundary or zone is not known a priori. Thus, the solution of phase 
change problem is difficult even when the heat transfer process is assumed to be conduction controlled 
[7]. Several other difficulties can also arise. These additional difficulties may be due to time-dependent 
boundary conditions, finite phase-change domain, an intermediate mushy zone, domain geometry, etc. In 
addition, the two phases may have different thermo-physical properties. Thus analytical solutions for 
obtaining the melting time are possible only for simple geometry and for simplified boundary conditions. 
Analytical solution for total melting time was developed by Riley et. al. [8], Solomon [9] and Voller and 
Cross [10] considering a constant wall boundary condition. These analytical solutions are expressed in 
terms of dimensionless phase transition time t* which is defined by equation (1) as a function of Stefan 
number.  
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The Stefan number is defined by equation (2).  ,f in mCp T TSte
L
  (2) 
The approximate solution of Solomon [9] for cylindrical system can be simplified to the following 
equation (3). 
* 0.250.11t
Ste
   (3) 
The approximate solution of Riley [8] is given as follows 
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* 0.250.25t
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   (4) 
Similarly Voller and Gross’s solution [10] can be simplified to equation (5) if the initial temperature is the 
melting temperature. 
* 0.250.14t
Ste
   (5) 
Hasan [11-12] proposed correlations based on his experimentation for horizontal and vertical cylindrical 
system. These are shown as equations (6) and (7) respectively. 
* 0.150.14t
Ste
   for horizontal cylindrical system (6) 
    
* 0.1340.25t
Ste
   for vertical cylindrical system   (7) 
In the above mentioned correlations, the total melting time was estimated from the time elapsed 
between the phase change temperature range. The temperature range between the onset of transition and 
the completion of transition is called the phase change temperature range. However, due to natural 
convection heat transfer process, the temperature of PCM is different at different locations. Hence, the 
total melting time estimated from the time elapsed between the phase change temperature range at any 
vertical location in the test section may be different. Hence, in order to take into account the instantaneous 
temperature variation of PCM, it is proposed to evaluate (TPCM) the average of temperature values at any 
instant at different locations. From this perspective, there is a need to develop a correlation for melting 
time of PCM encapsulated in shell and tube LHSU. The objective of the present research paper is to 
propose a correlation for total melting time required for PCM filled in shell and tube type LHSU. A 
correlation is proposed based on the experimental data obtained from an experimentation carried out on 
shell and tube type LHSU with two different PCMs i.e. paraffin wax and stearic acid. The effect of change 
in mass flow rates on the total melting time is also established from the experimental results. 
Experimental Setup 
The experimental test section consists of two concentric tubes of 1m length. The inner tube is made of 
brass and has inner diameter of 0.033m and outer diameter of 0.035m. The outer tube is made of stainless 
steel having an inner diameter of 0.128m and outer diameter of 0.133m. The outer tube is thermally well 
insulated with cerawool of 3 layers. Water is used as the heat transfer fluid (HTF) and it is circulated 
throughout the inner tube. The space between the inner and outer tube is filled with PCM. The hot water 
exchanges its energy to the PCM and the PCM is melted thereby storing the energy as heat. This 
constitutes the charging process. During the discharging process, the cold water from constant cold bath is 
circulated through the tube. The PCM solidifies and releases the stored energy to the cold water as heat. 
Temperature distribution in the PCM is carried out using thirty-six K type temperature probes in the 
annular space between the shell and the tube. In order facilitate temperature measurement of PCM near 
the HTF pipe, at the centre of the PCM and near the outer tube, three temperature probes are embedded 
along the radial direction at same axial location. Such a set of three temperature probes is embedded at 
four different axial planes, (A, B, C, and D) at equal axial distances as shown in figure 2. Similarly three 
temperature probes are installed in each axial plane equally spaced at 120 degree of angular interval. Thus 
total nine thermocouple probes are installed at one axial plane and there are four such equally spaced 
planes in the axial direction. Table 1 shows the axial and radial locations of different thermocouples 
embedded to the test unit. Design of experimental setup and procedures are presented by authors in [13-
14] in detail. 
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1 Inner tube 
2 Outer tube with insulation 
3 HTF pipe 
4 Hot water bath 
5 Cold water bath 
6 Rotameter 
7 Circulation pump 
8,9 Manual operated valve 
10 outlet vent 
11 Inlet hopper 
12 Temperature scanner with PC  
Figure 1 Schematic diagram of the test rig for latent heat storage unit 
Before carrying out the actual runs on the LHSU, the leakproofness of the system and thermal 
adequacy of insulation is first ensured.  This is followed by in-situ calibration of the system. Temperature 
measurements are carried out at different mass flow rates of water ranging from 1 kg/min to 5 kg/min in 
step of 1 kg/min for same fluid inlet temperature. The fluid inlet temperature is varied between 75oC to 
85oC in steps of five (75oC, 80oC and 85oC). 
 
 
 
 
Table 1 Axial and radial positions of thermocouples 
 
Thermocouple Radial Position [m] 
Axial Position 
[m] 
TA1 TA2 TA3 0.0175 0.875 
TA4 TA5 TA6 0.0236 0.875 
TA7 TA8 TA9 0.064 0.875 
TB1 TB2 TB3 0.0175 0.625 
TB4 TB5 TB6 0.0236 0.625 
TB7 TB8 TB9 0.064 0.625 
TC1 TC2 TC3 0.0175 0.375 
TC4 TC5 TC6 0.0236 0.375 
TC7 TC8 TC9 0.064 0.375 
TD1 TD2 TD3 0.0175 0.875 
TD4 TD5 TD6 0.0236 0.875 
TD7 TD8 TD9 0.064 0.875 Figure 2 Location of different thermocouples positions 
inside the experimental test unit [13-14] 
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Results and Discussion 
The effect of mass flow rates is not considered for estimating the total melting time in the above 
mentioned correlation. This is only possible when the system is working in fully developed laminar 
region. This is because of heat transfer coefficient is constant for the laminar flow. However, the same is 
not valid for turbulent flow of HTF. Hence, total melting time can be expressed as a function of HTF inlet 
temperature, mass flow rate of HTF and the initial temperature of PCM. Table 2 represents the total 
melting time required for PCM for different HTF inlet temperature and mass flow rate.  
 
Table 2 Total melting time required for PCM at different inlet temperatures and mass flow rates of HTF 
PCM 
Dimensional Parameters Non-dimensional Parameters 
Tf,in, 
(oC) 
m,  
(kg/s) 
Tinit, 
(oC) 
t 
( h) 
Ste Re  Tcon= 
(Tinit/Tf,in) 
t* 
Paraffin 
Wax 
80 
 
2 30.05 4.29 
0.534 
3417 0.37975 0.7311 
3 29.12 4.00 5126 0.38575 0.6853 
4 28.97 3.89 6835 0.36587 0.6571 
5 29.78 4.03 8543 0.3715 0.6705 
85 
2 26.35 3.25 
0.65 
3417 0.3431 0.6571 
3 28.39 2.90 5126 0.37035 0.4874 
4 29.96 2.69 6835 0.362 0.4564 
5 30.4 3.00 8543 0.3454 0.4887 
Stearic 
acid 
80  
2 30.05 4.06 
0.302 
3417 0.375625 0.8357 
3 29.12 3.28 5126 0.364 0.6757 
4 28.97 3.13 6835 0.3621 0.6268 
5 29.78 2.19 8543 0.3722 0.4519 
85 
 
2 26.35 3.32 
0.367 
3417 0.31 0.6298 
3 28.39 2.96 5126 0.334 0.5542 
4 29.96 2.46 6835 0.35247 0.4593 
5 30.4 2.30 8543 0.3576 0.4400 
 
Table 3 Comparison of the values obtained from estimated correlation with experimental data 
Ste Re Tcon= (Tinit/Tf,in) 
t* 
(exp) 
t* 
(corr.) % error 
0.534 
3417 0.37975 0.7311 0.658358 9.949634 
5126 0.38575 0.6853 0.595658 13.08076 
6835 0.36587 0.6571 0.528318 19.59855 
8543 0.3715 0.6705 0.465666 30.54939 
0.65 
3417 0.3431 0.6571 0.635027 3.359139 
5126 0.37035 0.4874 0.577942 -18.5765 
6835 0.362 0.4564 0.512262 -12.2396 
8543 0.3454 0.4887 0.44443 9.058715 
0.302 
3417 0.375625 0.8357 0.687131 17.77778 
5126 0.364 0.6757 0.622159 7.923849 
6835 0.3621 0.6268 0.558205 10.94371 
8543 0.3722 0.4519 0.495578 -9.66537 
0.367 
3417 0.31 0.6298 0.668981 -6.22111 
5126 0.334 0.5542 0.609299 -9.94215 
6835 0.35247 0.4593 0.548305 -19.3784 
8543 0.3576 0.4400 0.48531 -10.2978 
In order to obtain a dimensionless time constant for total melting of PCM, a correlation is developed in 
terms of Stefan number (Ste), Reynolds number (Re) and a non-dimensional temperature constant 
(Tinit/Tf,in). In order to correlate the dimensionless time constant for total melting of PCM with these 
parameters, multiple regression analysis is carried out using the Multiple Regression Software 
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(Calculator) (C module). It performs multiple regressions modeling using least squares technique. A 
curve fitting equation obtained from the software for the total melting time is as follows.  
t* = 0.853 - 3.73x10-5 * Re – 0.04778*(Ste/Tcon) 
 
where, 3500 ≤ Re ≤ 8500; 0.3 ≤ Ste ≤ 0.65; 0.3 ≤ Tcon ≤ 0.4  
(8) 
 
Table 3 shows the comparison of estimated value of time constant obtained from the correlation and 
those from the experimental data. It is observed that the percentage errors are well within ±20%. Thus the 
above correlation is useful to predict the total melting time for a given mass flow rate and fluid inlet 
temperature. The above correlation is valid only for the range of parameters mentioned in equation (8). 
Conclusions 
Experimental analysis on LHSU filled with paraffin wax and stearic acid as PCM is carried out for 
thermal performance evaluation of LHSU. The total melting time required is calculated. In order to 
predict the dimensionless total melting time, a correlation is proposed in terms of Reynolds number and 
Stefan number. While designing a LHSU, generally the total melting time is specified. If it is so, then for 
a given type of PCM where thermal diffusivity, specific heat and latent heat are available, the radius of 
the cylindrical shell and the temperature difference can be optimized with the use of proposed correlation. 
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